Extended summary 18
Introduction. Bladder exstrophy is a congenital anomaly involving fetal exposure and protrusion of 19 the open bladder through an incomplete lower abdominal wall. Techniques to surgically correct 20 exstrophy after birth have greatly improved, but it still presents a major challenge to achieving 21 continence and a good quality of life for patients and their families as the pathophysiology of 22 bladder dysfunction is unknown. 23
Objectives. A multimodal approach was used to characterise the histological and biomechanical 24
properties of exstrophy detrusor. These were correlated with myocyte responses to agonists and 25 an evaluation of developmental signalling pathways to evaluate the cause of bladder dysfunction in 26 exstrophy. 27
Study design. Detrusor muscle specimens were obtained during corrective surgery from four 28 exstrophy groups: neonatal (1-3 days, n=8), younger children (7months-5 years, n=13) and older 29 children (8-14 years, n=11) undergoing secondary procedures and cloacal exstrophy (16 days-9 30 years, n=9); control specimens were obtained from children (3 months-9 years, n=14) undergoing 31 surgery for other pathologies but with normal bladder function. Five lines of experiments were 32 undertaken: measurement of connective tissue to detrusor muscle ratio, contractile responses to 33 electrical and agonist stimulation; in vitro biomechanical stiffness, intracellular Ca 2+ responses to 34
Introduction 56
Bladder exstrophy is part of the exstrophy-epispadias complex whereby developmental failure of 57 the lower abdominal wall in utero leads to a bladder that remains pathologically open and 58 protruding: the prevalence is 3 per 100,000 live births [1] . After neonatal closure, further 59 reconstructive surgery achieves continence, and functional and cosmetically acceptable genitalia. 60
The Kelly procedure [2] is performed at Great Ormond Street Hospital for Children, but in other 61 specialist centres, single and staged-repair techniques are used. Despite successful reconstruction 62 many patients continue with low-capacity bladders with insufficient contractile function [3, 4] , 63 although a retrospective review of 13 patients following complete primary repair showed good 64 functional recovery [5] . 65
Characteristic of bladder exstrophy [6,7] is increased bladder wall collagen and denervation [8] . 66
Increased collagen results from transformation of several cell types, particularly fibroblasts and 67 epithelia, into myofibroblasts [9]; as well as reduced matrix metalloproteinase (MMP) expression 68 and enhanced expression of tissue inhibitor of metalloproteinases (TIMP) [10] . These processes are 69 controlled by transforming growth factor-β (TGF-β) and augmented by release of Wnt-ligand 70 proteins to promote myofibroblast differentiation [11] , mediated by transcription factors such as β-71 catenin, c-myc and cyclin-D1. Massive parallel sequencing identified coding changes in 50% of 72 exstrophy patients in 19 different Wnt genes [12] . However, functional characterisation to support 73 histological and genetic changes is sparse. In this study, we measured contractile and biomechanical 74 properties of detrusor smooth muscle from human exstrophy bladders and characterised changes 75 to the Wnt-signalling pathway to identify potential pathways that may be therapeutic targets to 76 reverse associated fibrosis. We tested the hypothesis that more connective tissue at the expense 77 of smooth muscle in the exstrophy bladder is associated with reduced contractile performance and 78 greater biomechanical stiffness, and if the former was associated with functional denervation and 79 smooth muscle failure. We carried out experiments in vitro with isolated detrusor samples to 80 measure: smooth muscle and connective tissue content; active force generation; passive stiffness 81 and intracellular Ca 2+ responses to contractile agonists. We also performed preliminary 82 observations regarding the molecular basis of increased connective tissue deposition by measuring 83 any changes to the Wnt-signalling pathway. Immunofluorescence data are medians [25,75% interquartiles] as sets were not normally 151 distributed. Significances between multiple data sets used parametric or non-parametric ANOVA, 152 followed by appropriate post hoc tests; the null hypothesis was rejected at *p<0.05, **p<0.01, 153 ***p<0.001. Dose-response or force-frequency curves were fitted to: T=(Tmax.xm)/(xm+km); where correlation coefficient, r, tested associations between two variables, for subsequent estimation of 157 a p-value. 158
Results 160
Histology measurements. Figure 1A shows sample sections of detrusor from control and young 161 paediatric exstrophy patients, the latter shows mucosa on the left edge which was avoided for 162 analysis. The ratio of smooth muscle to connective tissue (SM/CT) was measured for all five groups. 163
In all exstrophy cohorts, except the older paediatric cohort, the SM/CT ratio was significantly lower 164 compared to the normal cohort (Table 1 ). Moreover, there was a progressive and significant decline 165 of the ratio from the control and older paediatric exstrophy groups, through to younger paediatric 166 exstrophy, neonatal and cloacal exstrophy groups ( figure 1B) . 167
Contractile responses to nerve-mediated and agonist-induced activation. The frequency-168 dependence of nerve-mediated contractions from normal and exstrophy bladders was used to 169 determine: maximum tension at high frequencies, Tmax,n-m, and f1/2, the frequency that generates 170
Tmax,n-m/2 (figure 2A). Tmax, n-m was reduced in both paediatric, neonatal and cloacal exstrophy 171 groups compared to control; f1/2 values were similar in all groups (Table 1) . Atropine-resistance, the 172 percentage residual tension after 1µM atropine, was present in all groups ( Table 1 , not determined 173 in cloacal exstrophy); percentage values were highly variable, with no significant differences 174 between the cohorts, but in all the data were significantly different from zero. 175 Dose-response curves to the muscarinic agonist, carbachol showed that the maximum response 176 (Tmax,carb) was lower in all four exstrophy groups. However, carbachol potency was greater in both 177 paediatric and the neonatal exstrophy groups, as seen by larger pEC50 values (Table 1) , statistical 178 analyses were not performed for agonist data from the cloacal exstrophy group, due to the small 179 sample number. A similar pattern was observed in the magnitude of responses to a single 180 concentration (10 µM) of ABMA. Finally, the ratio of the maximum responses to nerve-mediated 181 stimulation and carbachol (Tmax,n-m/Tmax,carb) was calculated: a smaller ratio is interpreted as reduced 182 functional innervation; values were similar in all five groups ( Table 1) T2 values were smaller than T 1 in all samples, but a similar trend was measured as for T 1 in the 201 three groups: values of τ were similar in all groups. The relationship between the elastic modulus, E 202 and SM/CT ratio (figure 3C) for these groups shows that stiffness increased as the proportion of 203 connective tissue also increased, note the CT/SM ratio is inverted compared to figure 2B . myocytes, as well as reduced smooth muscle content. Altered detrusor function was tested by 207 measuring the change of intracellular calcium ([Ca 2+ ]i), in isolated myocytes from normal and 208 exstrophy bladders in response to contractile agonists. [Ca 2+ ]i was measured in myocytes from 209 cloacal exstrophy bladders, but the small number of cells precluded statistical comparison, but data 210 are shown for comparison. Data from the two paediatric exstrophy groups have been combined as 211 myocytes were isolated from a total of only seven samples (n=3, 4 from young and older paediatric 212 exstrophy groups). The resting [Ca 2+ ]i was similar in myocytes from the remaining groups ( functional studies on each preparation, but in most cases this was not possible. All samples were 277
given an anonymising study code, but researchers were unblinded for functional experiments, as 278 they also retrieved samples. However, histology and immunohistochemistry experiments were 279 undertaken later with researchers now blinded; the code and diagnosis was revealed only after data 280 collection. 281
Conclusion 282
This study highlights the critical importance of raised connective tissue content in bladder 283 exstrophy. Exstrophy management has dramatically improved and surgery now provides continence 284 and urethral voiding for many. However, some still fail to achieve continence and the development 285 of therapies is important. Reduced detrusor contractile function with exstrophy is highly correlated 286 with the SM/CT ratio, alongside normal myocyte function. We suggest a molecular explanation for 287 increased CT in terms of reduced Wnt-pathway function. 288 
